We report new radar observations of E-class Asteroid 64 Angelina and M-class Asteroid 69 Hesperia obtained with the Arecibo Observatory S-band radar (2480 MHz, 12.6 cm). Our measurements of Angelina's radar bandwidth are consistent with reported diameters and poles. We find Angelina's circular polarization ratio to be 0.8 ± 0.1, tied with 434 Hungaria for the highest value observed for main-belt asteroids and consistent with the high values observed for all E-class asteroids (Benner, L.A.M., Ostro, S.J., Magri, C., Nolan, M.C., Howell, E.S., Giorgini, J.D., Jurgens, R.F., Margot, J.L., Taylor, P.A., Busch, M.W., Shepard, M.K. [2008]. Icarus 198, 294-304; Shepard, M.K., Kressler, K.M., Clark, B.E., Ockert-Bell, M.E., Nolan, M.C., Howell, E.S., Magri, C., Giorgini, J.D., Benner, L.A.M., Ostro, S.J. [2008b]. Icarus 195,[220][221][222][223][224][225]. Our radar observations of 69 Hesperia, combined with lightcurve-based shape models, lead to a diameter estimate, D eff = 110 ± 15 km, approximately 20% smaller than the reported IRAS value. We estimate Hesperia to have a radar albedo ofr OC ¼ 0:45 AE 0:12, consistent with a high-metal content. We therefore add 69 Hesperia to the Mm-class (high metal M)
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We report new radar observations of E-class Asteroid 64 Angelina and M-class Asteroid 69 Hesperia obtained with the Arecibo Observatory S-band radar (2480 MHz, 12.6 cm). Our measurements of Angelina's radar bandwidth are consistent with reported diameters and poles. We find Angelina's circular polarization ratio to be 0.8 ± 0.1, tied with 434 Hungaria for the highest value observed for main-belt asteroids and consistent with the high values observed for all E-class asteroids (Benner, L.A.M., Ostro, S.J., Magri, C., Nolan, M.C., Howell, E.S., Giorgini, J.D., Jurgens, R.F., Margot, J.L., Taylor, P.A., Busch, M.W., Shepard, M.K. [2008] . Icarus 198, 294-304; Shepard, M.K., Kressler, K.M., Clark, B.E., Ockert-Bell, M.E., Nolan, M.C., Howell, E.S., Magri, C., Giorgini, J.D., Benner, L.A.M., Ostro, S.J. [2008b] . Icarus 195, [220] [221] [222] [223] [224] [225] . Our radar observations of 69 Hesperia, combined with lightcurve-based shape models, lead to a diameter estimate, D eff = 110 ± 15 km, approximately 20% smaller than the reported IRAS value. We estimate Hesperia to have a radar albedo ofr OC ¼ 0:45 AE 0:12, consistent with a high-metal content. We therefore add 69 Hesperia to the Mm-class (high metal M) (Shepard, M.K., Clark, B.E., Ockert-Bell, M., Nolan, M.C., Howell, E.S., Magri, C., Giorgini, J.D., Benner, L.A.M., Ostro, S.J., Harris, A.W., Warner, B.D., Stephens, R.D., Mueller, M. [2010] . Icarus 208, [221] [222] [223] [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] [234] [235] [236] [237] , bringing the total number of Mm-class objects to eight; this is 40% of all M-class asteroids observed by radar to date.
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XME-class asteroid properties
The Tholen (1984) X-complex of asteroids is defined by nearly featureless visible and near-infrared spectra. They are subdivided based on optical albedo into P-class (p v < 0.1), M-class (0.1 6 p v 6 0.3), and E-class (p v > 0.3).
The M-class asteroids have been scrutinized by numerous groups and there is strong evidence that individual members are made up of several possible meteoritic classes including irons, stony-irons (pallasites and mesosiderites), enstatite chondrites, and even carbonaceous chondrites (Chapman and Salisbury, 1973; Gaffey, 1976; Gaffey and McCord, 1979; Bell et al., 1989; Lupishko and Belskaya, 1989; Cloutis et al., 1990; Vilas, 1994; Rivkin et al., 2000; Hardersen et al., 2005; Vernazza et al., 2009 ). Radar observations have been reported for 19 M-class objects and about 40% of the M-class asteroids have radar albedos consistent with dominantly iron compositions (Shepard et al., 2010) . Shepard et al. (2010) suggested designating this high radar albedo group the Mm-class (M-class, metallic). The remaining objects have radar albedos suggesting an iron content most consistent with stony-irons, enstatite chondrites, or high-iron exotics such as bencubbinites (Shepard et al., 2008a (Shepard et al., , 2010 .
The E-class asteroids are characterized by high optical albedos, p v > 0.3. Most spectroscopists agree the spectra and albedo of these asteroids indicate an enstatite achondritic (aubrite) composition (Zellner et al., 1977) . Recent observations at higher spectral-resolutions suggest the occasional presence of the sulfides troilite and oldhamite and have led to a division into three sub-classes. Using spectra from 0.4 to 2.5 lm, Clark et al. (2004) suggested dividing these into classes based on the major members of the different spectral types: 64 Angelina-type, 44 Nysa-like, and 434 Hungaria-like. Using spectra from 0.4 to 1.0 lm, Gaffey and Kelley (2004) Clark et al. (2004) in that Angelina (the subject of this paper) and Hungaria are both considered E [II] .
In this paper, we report on new radar observations of the E-class Asteroid 64 Angelina and the M-class Asteroid 69 Hesperia. These are the latest observations in our long-term radar survey of all E-and M-class asteroids that can be observed by Arecibo, the most powerful astronomical radar system available. Our goals are to better characterize the properties of asteroids belonging to these enigmatic classes, including size, shape, spin state, radar and optical albedos, and composition.
Radar observations
Radar observations differ significantly from those made with optical telescopes. Good reviews of methods, techniques, and the analyses of asteroid echoes can be found in Ostro et al. (2002) and references therein. Below we summarize the main points required to understand the results of this paper.
Each radar observing cycle or ''run'' consists of transmission of a circularly polarized 2380 MHz (12.6 cm) signal for the round-trip light travel time to the target, followed by reception of echoes for a similar duration in the opposite (OC) and same (SC) senses of circular polarization as transmitted. We measure the radar cross-sections of our targets (in km 2 ) r OC and r SC , by integrating the continuous wave (CW) power spectra. These are equivalent to the cross-sectional areas of a smooth, metallic sphere (a perfect reflector) that would generate the observed echo power when viewed at the same distance.
For an asteroid observed at S-band (2380-MHz), its apparent width, D (in km) normal to the apparent spin vector at rotation phase u, is related to the instantaneous bandwidth B (in Hz) of the radar echo (due to the apparent rotation), the target's physical properties, and its orientation by
where P is the apparent (synodic) rotation period in hours and d is the sub-radar latitude. For each target we estimate the minimum bandwidth and the corresponding lower bound on the maximum pole-on breadth, D max , using Eq. (1). The OC radar albedo,r OC , of an asteroid is defined to be the ratio of its OC radar cross section (r OC ) to its cross-sectional area,
r OC often varies with rotation and aspect. Published MBA radar albedos vary from a low of 0.039 for the CP-class main-belt Asteroid (MBA) 247 Eukrate (Magri et al., 2007) to a maximum of 0.6 for the M-class 216 Kleopatra (Ostro et al., 2000) . Laboratory studies show that radar albedo is primarily a function of the surface bulk density of the target (Ostro et al., 1985; Garvin et al., 1985) . Magri et al. (2007) found that the M-class asteroids have significantly higher radar albedos than all other classes, consistent with the interpretation that they contain a relatively high metal content. Shepard et al. (2008a Shepard et al. ( , 2010 focused exclusively on the M-class and found that about one-third have radar albedos higher than 0.4, a threshold consistent with surface bulk densities of $3.8 g cm
À3
, a value expected for iron-nickel with a porosity of $50%.
The circular polarization ratio, l c , is defined to be the ratio of the SC and OC echo power:
For asteroids, values larger than zero are thought to be caused by wavelength-scale near-surface ($1 m depth for 12 cm wavelength) roughness and inhomogeneities or subsurface multiple scattering.
Smooth surfaces have polarization ratios approaching 0.0, while some extremely rough surfaces have values near or at unity (Ostro et al., 2002; Benner et al., 2008) . Benner et al. (2008) reported that all confirmed near-Earth E-class asteroids have high radar circular polarization ratios, with a mean of 0.9. In related work, Shepard et al. (2008b) reported that main-belt E-class Asteroids 44 Nysa and 434 Hungaria also have high circular polarization ratios of 0.50 ± 0.02 and 0.8 ± 0.1, respectively, consistent with the findings of Benner et al. (2008) . The causes of this behavior are under investigation, but several hypotheses have been proposed including compositional constraints on near-surface roughness, younger formation or surface ages, and differences in collisional history compared with the other asteroid classes.
64 Angelina
Angelina's diameter is widely reported to be 60 km (e.g. Tedesco, 1989 ), but the origin of this value is obscure. An occultation in July 2004 with six chords dictates dimensions of 47.6 ± 1.4 km by 53.2 ± 1.7 km, giving an effective diameter of 50.3 ± 1.6 km for that aspect (Shevchenko and Tedesco, 2006 ).
Angelina's rotation period of 8.752 ± 0.001 h was first reported by Poutanen (1983) . Harris et al. (1989) confirmed the period, and noted that the low amplitudes of variation observed at the two viewing aspects, ecliptic longitudes of 124°and 313°, implied a pole direction close to one of those longitudes, and a low ecliptic latitude. Fig. 1 is a plot of the lightcurve amplitudes observed at different ecliptic longitudes (Table 1) . Viewing longitudes greater than 180°are plotted (square symbols) at the diametrically opposite longitude, À180°from the observed direction. Also indicated are the longitudes of observation in thermal IR (Morrison and Chapman, 1976) , the occultation (Shevchenko and Tedesco, 2006) , the longitude of the pole determined by Durech et al. (2011) , and the radar observation reported in this paper. The dashed sinusoidal line, not a formal fit but rather a ''guide for the eye'', implies rather clearly that the direction to the pole (minimum lightcurve amplitude) lies fairly close to 135°longitude (or mirror at 315°), and at low obliquity. Durech et al. (2011) have done a full lightcurve inversion shape and spin orientation model to obtain a unique spin axis of (k, b) (137°, 14°), and a sidereal rotation period of 8.75032 h. By scaling their model to the 2004 occultation data, they obtain a mean diameter (of a sphere containing the same volume as their polyhedral shape model) of 52 ± 10 km. Using their shape model, we estimate a rough ''equivalent ellipsoid'' with a = 60 km, b = 53 km, and c = 45 km. This shape results in a polar-view effective diameter (equal area) of D eff = 56 km. This effective diameter, combined with the value H = 7.55 observed in 1981 at near-polar aspect by Harris et al. (1989) , yields a visual albedo of p v = 0.54. This is considerably brighter than that reported by Tedesco (1989) ; the difference is due to a slightly lower (brighter) absolute magnitude (7.55 vs. 7.65) and smaller diameter (56 km vs. 60 km) used in our calculation vs. theirs.
We obtained one radar run on Angelina on 31 January 2010 (Table 2, Fig. 2 ). We measured a bandwidth of 35 ± 5 Hz (SNR 10) and an OC radar cross-section of 439 ± 110 km 2 (Table 3) . This cross-section and our model (pole-on) diameter give a radar albedo ofr OC ¼ 0:18 AE 0:05, consistent with those measured for 44 Nysa and 434 Hungaria (Shepard et al., 2008b) .
Our measured bandwidth and model size indicates that we were within 12 ± 3°of pole-on. At the time of our observation, Angelina was at (RA, Dec) (132°, 18°) or (k, b) (129°, 0°) which, assuming the Durech et al. pole, implies a sub-radar latitude of ±74°. Durech et al. do not list formal uncertainties in their pole direction, but given modest values (±5°), we find their model pole, shape, and size and our radar bandwidth constraints to be consistent.
We measured a circular polarization ratio of l c = 0.8 ± 0.1, tied for the highest value measured in a main-belt asteroid with 434 Hungaria (Shepard et al., 2008b) . As noted earlier, Benner et al. (2008) and Shepard et al. (2008b) noted that all confirmed E-class asteroids, whether near-Earth or main-belt, have exceptionally high polarization ratios.
69 Hesperia
Asteroid 69 Hesperia's rotation rate is 5.6552 h (Torppa et al., 2003) . From a single IRAS observation, it has a reported diameter of 138 ± 5 km (Tedesco et al., 2002) , while Morrison and Zellner (1979) report a TRIAD (infrared) diameter of 108 km. A single occultation chord of 83 km was obtained in April 2010 (IOTA, www.asteroidoccultation.com) . A significant number of lightcurves have been obtained and pole and shape estimates derived from these are listed in Table 4 .
We obtained two radar runs on Hesperia on 3 February 2010 (Tables 2 and 3 and Fig. 3) . Hesperia was located at (RA, Dec) Dates are the date of observation, or in some cases opposition dates where observations spanned a range of dates or were not specified. k is the ecliptic longitude; it is the longitude of the phase angle bisector for lightcurve observations and IR observations, but geocentric for the occultation and radar observations. Amplitude is the lightcurve amplitude observed or reported. Table 2 Observation circumstances. Positions are mid-epoch for observations. D is distance from Earth (AU). Runs is the number of transmit-receive cycles. SNR is total for each set of observations. (134°, 6°), corresponding to ecliptic (k, b) (135°, À11°). Based on previously published poles, the sub-radar latitude for these observations is predicted to be 20°(De Angelis and Mottola, 1995), 26°o r 7° (Blanco and Riccioli, 1998) , 28° (Torppa et al., 2003) , or 26-27° . For the remaining analyses, we therefore adopt d = 25 ± 10°as the most likely range of sub-radar latitudes.
The results of our radar runs are given in Table 3 . We measured bandwidths of 440 ± 20 Hz (run #1, SNR 23; and sum of both runs, SNR 24) and 310 + 70/À20 Hz (run #2, SNR 12), giving an a/b aspect ratio of 1.4 + 0.2/À0.3. This is larger than expected from previous lightcurve-derived aspect ratios (Table 4) . However, the left (negative) frequency edge of the second run is quite uncertain and, allowing for this, our results are consistent with all of the a/b ratios derived from lightcurves.
We were undoubtedly close to maximum bandwidth in run #1 (corresponding to a broadside-view of the long or a-axis) because the observed bandwidth dropped considerably in run #2, after 60°o f additional rotation. We therefore adopt B max = 450 + 100/À0 Hz which recognizes that the maximum bandwidth must be at least as large as we measured and may be considerably higher. Using our adopted maximum bandwidth (B max = 450 + 100/À0 Hz) and sub-radar latitude (d = 25°± 10°), Eq. (1) gives D max = 100 + 35/À5 km. Given this diameter and range of uncertainties, we wish to determine: (1) whether our size estimate of Hesperia is at all consistent with the TRIAD and IRAS estimates, and (2) the smallest possible radar albedo consistent with our data. We therefore adopt D max = 135 km as the largest value consistent with our admittedly sparse dataset, and adopt the axial ratios reported by the latest lightcurve-derived shape (Honus et al., 2011) , giving dimensions of 135 km Â 106 km Â 98 km and D eff = 110 km. This estimate is consistent with the TRIAD-based diameter of D = 108 km. The IRAS-based D = 138 km is inconsistent, but that observation was made when Hesperia was nearly pole-on; our adopted model predicts D apparent = 120 km at that aspect, so the discrepancy is reduced somewhat.
Assuming a diameter of D eff = 110 km, we estimate a radar albedos ofr OC ¼ 0:45 AE 0:12 for the sum of all runs, and 0.56 ± 0.14 and 0.27 ± 0.07 for runs 1 and 2 respectively. (We assumed the maximum area dimensions of 135 km Â 100 km, for the crosssectional area in the calculation for run #1.) The radar albedos of run #1 and the sum of all runs are consistent with a surface dominated by high density phases (Shepard et al., 2010) , presumably iron-nickel, and are consistent with other high metal M-class asteroids (Mm's). Run #2 has a lower radar albedo, but still much higher than typical for main-belt asteroids (Magri et al., 2007) and also indicates a relatively high bulk density, consistent with significant metal content. We note that every previously observed r oc is the OC radar cross-section and l c is the polarization ratio.
Table 4
Hesperia poles and aspect ratios. Blanco and Riccioli (1998) .
Torppa+ (2003) is Torppa et al. (2003) .
Hanus+ (2011) is Hanus et al. (2011) and the DAMIT website (http://astro.troja. mff.cuni.cz/projects/asteroids3D/web.php?page=db_asteroid_detail&asteroid_ id=236). The uncertainty on these poles are reported to be ±10-20°. Mm-class asteroid shows similar variations in radar albedo with rotation phase; it is hypothesized that these variations are caused by normal shape effects exaggerated by the higher radar albedo of the surface (Shepard et al., 2010) . We measured Hesperia's circular polarization ratio to be l c = 0.05 ± 0.05, indicating a very smooth surface at wavelength scales. This value is consistent with other M-class asteroids, notably several of those with high radar albedos (Shepard et al., 2010) . Even if the IRAS diameter (D eff = 138 km) was more accurate than that adopted here, the estimated radar albedo of run #1 is still quite high (0.40) and is also consistent with a high metal content. It therefore seems safe to classify Hesperia as an Mm-class asteroid. With the addition of Hesperia to our sample of 20 M-class asteroids detected with radar, we find that eight (8), or 40%, have high radar albedos and can be classified as Mm, or high metal M-class. The remainder must be dominated by other compositions, most likely enstatite chondrite or other analogue material (Shepard et al., 2010) .
Summary and conclusions
Radar observations of the E-class Asteroid 64 Angelina are consistent with diameters determined by occultation and thermal infrared and confirm a high optical albedo, consistent with a nearly pure enstatite composition. We also find Angelina to have an unusually high radar polarization ratio, consistent with all other E-class asteroids observed by radar. There are several possible causes for this behavior, but no consensus.
Our observations of M-class 69 Hesperia are consistent with a diameter $20% smaller than the IRAS estimate and indicate a high radar albedo, suggesting an object dominated by metal phases. When combined with other observations (Shepard et al., 2010) , we find that only 40% of M-class asteroids are composed chiefly of metal. This finding may have important implications for models of the origin and evolution of the main asteroid belt.
